Abstract: The experimental method employed in an anechoic wind tunnel to characterize flow-induced noise of the pigeon (Columba livia) during level flight is described in this letter. A live pigeon was managed to maintain a steady level flight at the wind tunnel test flow of 15 m/s. A microphone array was fabricated, and the conventional beamforming method was then adopted to yield the corresponding narrowband acoustic images and broadband sound pressure spectral results. The results justified the experimental method developed in this work. It can be seen that the flight noise of the pigeon is mostly from the wing tips. In addition, the spectral waveform of the pigeon flight suggests a slope of À20 dB/dec between 500 Hz and 5 kHz.
Introduction
Aviation researchers have been inspired by bird flight to develop various aeronautic technologies. Avian wing geometry and kinematic and aerodynamic mechanisms have been extensively studied previously, particularly for pigeons. 1, 2 Avian flight noise, however, is still an open question, partially due to the absence of appropriate testing methods. In this work, as one of our efforts to address this issue, a microphone array with beamforming 3 was developed to experimentally evaluate flow-induced noise of the pigeon (Columba livia) during level flight at U 1 ¼ 15 m/s.
The popularity of air traffic has led to serious environmental issues in which noise is the most distinguished issue for passengers and communities local to airports. 4 The development of high bypass ratio aero-engine has the main contributor of aircraft noise moving to the airframe for some modern transport aircrafts. 5 Since 1995, aircraft noise impact again became an issue of public interest, and many researchers have focused on the reduction of airframe noise, including airfoil self-noise, landing gear and high-lift devices. [6] [7] [8] [9] Past trends in aircraft noise reduction show that those asymptotic improvements in airframe design might fail to achieve the increasingly stringent regulations and the public expectations. Hence, some aeronautic pioneers have been investigating flight noise of birds. 5 Owls are able to capture prey by stealthy flight. Field tests have been conducted to quantitate flight noise of owls 10 with microphone array. There are mainly three mechanisms of their wings: leading edge serrations, trailing edge fringes, and soft upper surface a) Author to whom correspondence should be addressed. Also at: Airbus Noise Technology Centre, University of Southampton, Southampton, UK.
of the wing. In addition, the silent flight capability of some owls is possibly attributed to low flight speed (e.g., 6-8 m/s). In this work, we have developed experimental techniques and conducted experiments for a more readily available bird species, the pigeon (Columba livia), to investigate the associated flow-induced noise at a faster flight speed (15 m/s), which might yield knowledge more pertinent to future aeronautical designs. Experiments of flyover noise, 10 gliding aerodynamics, 11, 12 and flapping aerodynamics 13 have been separately carried out in the free field and wind tunnels. In this work, a microphone array 14 was used in an anechoic wind tunnel with an open test section to yield noise source images and characterize noise source spectra. The experimental method is different from those flyover noise measurements 10 and isolated dummy/specimen wing noise measurements. 15 The fly-over experiments capture flight noise mechanisms with high confidence. However, it is very difficult to achieve a satisfactory signalto-noise ratio in those field tests. On the other hand, the experimental efforts can be largely eased off using isolated dummy/specimen bird wing. However, the experimental accuracy using an isolated wing of deceased birds needs justifications. In this work, we have managed to maintain the level flight of a live pigeon and then performed the flowinduced noise experiments in the anechoic, open test section wind tunnel. The experimental method and experimental results are described in the following text.
Experimental setup
One white pigeon purchased from a licensed animal dealer is used to evaluate the experimental method and technique developed in this work. An external low-noise fan provides the required testing flow (the speed accuracy is within 60.1 m/s) through a duct to the open-jet nozzle of 0.55 m Â 0.4 m (length Â width). Acoustical liners have been carefully installed on the duct wall to minimize background noise while maintain flow quality. The pigeon's body is tightly and comfortably kept in a metal cage (see Fig. 1 ). The cage encloses the trunk with two iron rings. The diameter of the iron wire used for the iron rings is about 2 mm. Two rigid strings of 1 mm diameter connect the cage (and then the bird) to the side walls of the open test section. The entire cage can be manually adjusted to the desired flight position and attitude. Most parts of the cage are covered by contour feathers all over the trunk body and are therefore almost invisible in Fig. 1 .
An array of 63 electret microphones (Panasonic WM-60A) is deployed on the ground to visualize the location and strength of flight noise sources (see Fig. 1 ). The microphones form multi-arm spiral lines that could largely reject spatial aliasing 16 (see Fig. 2 ). The sensitivity of each microphone is À45 6 5 dBV/Pa. The frequency response (amplitude and phase) of each microphone is carefully calibrated to a Br€ uel & Kjaer 4189 microphone with the purpose of reducing inconsistencies between array microphones. In addition, we designed high precision electronic circuits of preamplifiers to match microphone impedance and to further improve signal-to-noise ratio of the array.
The entire array was made from printed circuit board technology, which allows easy deployment and accurate mechanical specification (in the order of 0.1 mm). The diagram of the experimental setup and the coordinates used in this work are shown in Fig. 1 . The experiments were carried out in an anechoic chamber room of 3.5 m Â 4.5 m Â 5 m (length Â width Â height) to suppress acoustic reflections. The open-jet nozzle and anechoic absorbing wedges can be seen in Fig. 1 and the array can be seen in Fig. 2 .
In the experiments, we fortunately found that the pigeon enjoys the level flight tests and maintains a relatively steady flight condition, which saves extensive training efforts. The test flow speed is U 1 ¼ 15 m/s. At this speed, the pigeon naturally deploys its wings and retracts its feet as described in the literature. 11 The pigeon is not so cooperative (with struggling movements) at a higher test speed. On the other hand, the pigeon flaps wings and moves feet rapidly at a lower test speed, which calls for a real-time acoustic imaging technique, which is under development in our laboratory. Hence, for now, the experiments are mostly conducted at 15 m/s. The experimental procedure was carried out as follows: first, the array measures noise generated during flight tests; second, flight noise distributions are determined by a classical beamforming method; and third, sound spectrum at the noise source position of interest is identified by integrating beamforming outcomes at the specific region. 
The fundamentals of the classical beamforming are briefly introduced in the following text for the completeness of this paper. Given a microphone array with M microphones, the output y(t) denotes time domain measurements of microphones, y 2 R M Â1 and t denotes time. For a single sound source signal of interest, xðtÞ 2 R 1 , in a free field, Green's function of the wave equation yields
where C is the speed of sound, r 2 R MÂ1 is the distance between the signal of interest x(t) and microphones, and s is the related propagation delay between x(t) and the microphones. Beamforming is generally conducted in the frequency domain, 3 where
; a 0 is the steering vector, and x is angular frequency. For brevity, (jx) and (r, jx) are omitted in the following formulations.
A narrowband beamformer output for each frequency of interest at each scanning point can be written asX
whereX is the beamformer output that estimates the sound source of interest (X); W 2 C MÂ1 is the beamformer weight vector;R 2 C MÂM is the cross spectral matrix, which for a total number of I blocks, is calculated for I blocks bŷ
In these experiments, each block of data contains 4096 samples and diagonal elements of the cross spectral matrixR are set as zeros to eliminate the potential influence of microphones' self noise. Then the beamformer takes the following form:
In addition, for the conventional beamformer of delay-and-sum type, the beamformer weight vector is obtained by
The solution is W opt ¼ ða Ã 0 a 0 Þ À1 a 0 . More details can be found in the literature. 14 The spectrum at the specified noise position can then be obtained by repeating the narrowband beamformer at frequency ranges of interest.
The distance from the test plane to the planar microphone array is almost 0.96 m. The associated array patterns at various frequencies can then be yielded. As an example, the array pattern at 3 kHz is shown in Fig. 2 . The minimal amplitude difference between the mainlobe and sidelobes is used to represent the signal-to-noise ratio of the array. 17 Then a broadband signal-to-noise ratio is examined in Fig. 2 . It can be seen that the classical beamforming based on the present array design improves the signal-to-noise ratio of the flow-induced noise experiments by more than 10 dB at broad frequency ranges up to 16 kHz.
Sound refraction by the wind tunnel shear layer was corrected using the Amiet's method. 18 In this experiment, the acoustic data were prepared with a block size of 4096 at the sampling frequency of 48 kHz. Then the sample time for a single block is 0.085 s. In each experimental condition, 100 blocks were collected for each microphone channel. The resulting acoustic imaging for each narrow frequency is produced in 1/3-octave bands.
In this letter, only the conventional delay-and-sum beamforming method as described in the preceding text was adopted to yield acoustic images in the following paper. We are still working on high-resolution analysis of the level flight data using deconvolution approaches.
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Results and discussion
Some acoustic images of the pigeon's level flight noise at U 1 ¼ 15 m/s are shown in Fig. 3 , from 2 to 7 kHz, respectively. The direction of freestream in the figure is from right to left. Each image is achieved by processing samples of 20 blocks. We found that the bird maintains a relatively steady level flight in the associated duration. It is worthwhile to mention that the eigenvalues of cross spectral matrices for I ¼ 1 to I ¼ 100 have been examined, respectively, in this work to ensure the statistical confidence and incoherent background noise rejection. The anechoic facility enjoys low background noise at the test speed of U 1 ¼ 15 m/s. Hence we found that the block number of I ¼ 20 should yield imaging results with acceptable background noise rejection. The two-dimensional imaging plane is deliberately set to the wing. It can be seen that the dynamic range of the images is 10 dB, suggesting the good quality of the experiments. The wingspan of pigeon is almost 0.5 m. The imaging results show that the dominant noise sources are at wing tips. This finding agrees with the preceding work by Geyer et al. 15 We found the sound strength is slightly asymmetrical because it is difficult to maintain a perfectly horizontal live flight of the pigeon.
A quantitative comparison can be found in Fig. 4 . Basically, the sound pressure level (SPL) of the noise source at wing tips is evaluated with the integration method. 23, 24 A uniform beam pattern is used for the associated integration zone that is a function of frequency. The acoustic image in Fig. 3(a) consists of 101 Â 61 grid points, while the left and right wing tips highlighted in the dashed squares contain 36 grid points, respectively. The SPL values at the 36 grid points were summed to characterize the sound spectra at the specified noise source region. The spectra results are shown with respect to the Strouhal number, St ¼ fL/U 1 , where L is the chord (0.076 m for the pigeon) and U 1 is 15 m/s. The Mach number effect is adjusted by adopting the general normalization equation for edge noise, 10, 15, 24, 25 SPL norm ¼ SPL À 10log 10 ðMaÞ 5 ;
where Ma is the Mach number. Figure 4 shows the comparison results. We should mention that the minimal test values in the pigeon test results of Geyer et al. 15 are compared with our experimental results in this figure. It can be seen that the normalized SPL waveforms are almost the same at low and middle frequency ranges. The spectral waveform of the pigeon flight suggests a slope of À20 dB/dec between 500 Hz and 5 kHz; this could be different from those classical airfoil results. The understanding of the inherent physical mechanisms calls for further investigation. In addition, the normalized SPL results in our experiment are lower than the results of Geyer et al. 15 by a couple of decibels at very high frequencies beyond 10 kHz. This difference may suggest the fact that the live pigeon's wing is more effective in suppressing turbulent flow at small scales and then reducing high frequency flow-induced noise. Generally speaking, the present results agree well with the preceding experiments performed on the deceased bird model. In summary, this work manages to perform an interesting acoustic experiment on the live pigeon. The level flight noise was studied using microphone array and classical beamforming. The sound spectral results agree well with preceding outcomes in the literature, justifying the proposed experimental method. Acoustic images show that the noise sources are dominant at wing tips. In contrast, for a classical airfoil, it is well known that the flow-induced noise is generally from the entire trailing edge. The understanding of inherent physical mechanisms calls for ongoing investigations.
